Recent work on new materials for devices with transistor-like response has focused on substituting traditional semiconductors 1, 2 with other transporters of electronic charge, including conjugated polymers [3] [4] [5] and oligomers, [6] [7] [8] nanowires, 9 and carbon nanotubes. 10 Whereas currents through transistors are carried by electrons, in nature ions are preferred over electrons for transporting charge, setting up potential gradients and other such biocircuitry. Here, we describe a device made from soft condensed matter that has transistor-like properties but relies on ion currents rather than electron transport. 11 Integral to this device is a description of a new type of doping, reversible injection of ionic charge carriers by salt. 12, 13 The materials described herein are ion conductors: amorphous, homogeneous complexes of positive and negative polyelectrolytes prepared by the multilayering technique ͑hence termed polyelectrolyte multilayers͒. 14, 15 In the nascent state, due to efficient ion pairing between positive (Pol ϩ ) and negative (Pol Ϫ ) polymer segments, small counterions are excluded from the bulk of the complex. 16 Having no sites for ions to travel, via intersite hopping or exchange, the material is unable to conduct charged species. Films of this type only a few nm thick block ion transport. 17, 18 We have recently carried out coordinated experimental and theoretical studies on how ion transport through polyelectrolyte complex is reversibly regulated by solution ionic strength. 19 In the presence of external salt ͑such as NaCl͒, ions are forced into the soft material, which becomes an ion exchanger/transporter. 19 For n Pol ϩ Pol Ϫ ion pairs, this reversible process is represented by 12, 19 
͓2͔
Both Monte Carlo and continuum probability theoretical approaches predict 19 the observed scaling ͑Eq. 2͒.
Experimental
Poly͑styrenesulfonic acid͒, PSS (M w ϭ 6.7 ϫ 10 4 ,M w /M n ϭ 1.04 and poly͑diallyldimethylammonium chloride͒, PDADMAC (M w ϭ 3.7 ϫ 10 5 ,M w /M n ϭ 2.1), purchased from Aldrich, were dialyzed against distilled water using 3500 molar-mass-cutoff dialysis tubing ͑Spectra/Por͒. Sodium chloride ͑Fisher͒, potassium ferrocyanide ͑Fisher͒, potassium ferricyanide ͑Mallinckrodt͒, and potassium hexacyanocobaltate ͑Aldrich͒ were used as received.
Electrochemical measurements were made using the flow cell depicted in Fig. 1 . The flow cell consisted of two plastic plates, 40 ϫ 20 ϫ 10 mm, separated by a 0.5 mm rubber gasket, each with a 2 mm diam platinum electrode. Potential was controlled by a Princeton Applied Research 273 potentiostat, in the two-electrode configuration, interfaced to a PC.
One of the electrode surfaces was coated with a polyelectrolyte multilayer. To prepare the electrode surface for multilayer deposition it was polished with 0.05 m alumina ͑Buehler͒, sonicated, and rinsed in water. Sequential adsorption of polyelectrolytes onto the cell block was performed with the aid of a robot ͑StratoSequence V, nanoStrata Inc.͒. The two polymer deposition solutions contained 10 Ϫ2 M PSS or 10 Ϫ2 M PDADMAC, both in 0.25 M NaCl. Between alternate exposures to the polyelectrolytes, there were three rinses of fresh distilled water. Rinse and polymer solution volumes were ϳ50 mL each. The deposition time for each layer was 5 min and the rinse time 1 min. The last ͑PSS͒ layer ͑20th layer͒ was deposited from solution containing 10 mM salt to allow adsorption with minimal surface charge overcompensation. 12 Film thickness, measured with an ellipsometer, was 83 nm.
All transistor measurements were performed at room temperature using 1 mM ferricyanide/1 mM ferrocyanide solutions with different salt concentrations, which were fed through the flow cell by gravity at 25 mL/min. Salt was either sodium chloride or potassium hexacyanocobaltate.
was dipped in aqueous solutions of polyelectrolytes in an alternating manner, with rinse in pure water between layers.
a Each dip deposits a uniform layer of polymer and reverses the surface charge. Individual polyelectrolyte layers interpenetrate forming rugged electrostatic ionic bonds. 15 Electrolyte was passed through the channel between the multilayer-bearing electrode and the opposing bare electrode, as shown in Fig. 1 . This is a two-electrode device, which, compared to the three-electrode configuration, simplifies the detection electronics and eliminates the requirement for a separate reference electrode. Current was monitored as a function of voltage applied. Figure 1 shows the electrochemical reactions corresponding to forward, i f , and reversed, i r , bias. In the forward direction, electrochemical current is transported through membrane, m, by ferricyanide ͑Ϫ3 charge͒ and in the reversed direction by ferrocyanide ͑Ϫ4 charge͒. Because the latter is more highly charged, it moves through the multilayer much more slowly 19 and virtually no reversed bias current is observed. In addition to rectifying properties ͑Fig. 2͒, current is a nonlinear function of voltage up to a saturation plateau, which represents the diffusion-limited rate of ion transport.
The final transistor-like feature is gating by added salt. Salt dopes the multilayer, rendering it more conductive via the mechanism summarized above. The resulting family of current/voltage curves is displayed in Fig. 2 . The shape of the wave is modeled assuming current to be limited by diffusive mass transport through a thin film, i.e., driven by concentration gradients ͑chemical potential͒ and not by electric fields. This theoretical response is presented in Fig. 2 .
A common mode of employing a transistor is to maintain voltage at the saturated current regime and vary the gate potential, V g . The ͑typically linear͒ i/V response is used for electronic amplification. Figure 3 depicts current vs. salt gate concentration for V applied at a point (V op ) chosen to be on the current plateau region in Fig. 2 . The nonlinear response of current to salt concentration for a constant ferricyanide (Fe(CN) 6 3Ϫ ) probe ion concentration (i ϳ ͓NaCl͔ 3 )i s evident ͑Fig. 3͒. Negative deviation from the predicted power law at high ͓NaCl͔ is due to the series resistance of the stagnant layer of solution next to the electrodes, which becomes significant as the membrane resistivity decreases 12, 20 ͑current for bare electrode b was 22 A͒.
Practical applications for the salt-gated transistor are suggested by the unusual nonlinear response to salt and chemical specificity of the doping reaction. We have pointed out, for example, the convenience of being able to reversibly control the flux and selectivity through an ultrathin membrane by chemical means. 19 A charged dopant having particular chemical affinity with the membrane will enhance doping, as in Eq. 1, inducing significant permeability, as will a dopant with high charge. This latter point is illustrated by the use of cobaltocyanide ͓Co(CN) 6 3Ϫ ͔ as the salt anion rather than Cl Ϫ . Cobaltocyanide itself is electrochemically inert and thus not observed by the experiment ͑does not contribute to electron current observed in the external circuit͒. However, using triple-charged cobaltocyanide as the salt anion illustrates the two key features of the new paradigm in doping discussed here. Because clustering of three polymer charges is always enforced, due to the Ϫ3 charge of Co(CN) 6 3Ϫ , it is much more efficient at producing sites for hopping of ferricyanide probe, so the membrane current is much higher. As cobaltocyanide moves randomly within the multilayer it creates transient sites with exactly the charge required by ferrocyanide. Also, this transient templating role of cobaltocyanide is accompanied by a linear dependence of membrane current on concentration ͑Eq. 2, both and m are 3, whereas for chloride salt anion m is 1͒.
Continuing the parallels with semiconductor transistors, switching of the device in Fig. 1 is accomplished by poising the voltage at V op and alternating between high and low salt gate concentrations, as in Fig. 4 shows good reversibility, it also demonstrates a relatively slow switching time, due to the requirement for physical diffusion of salt ions into/from the multilayer. The salt gated device will not compete for speed with semiconductor based electron transport devices. Rather, it should be considered an alternative modality of direct chemical amplification or signal transduction.
Conclusion
The transistor described herein is a hybrid chemical/electrical system which uses electrochemistry as a convenient method to measure the flux of a probe ion through the membrane ͑the probe ion is labeled with an electron͒.
b The system need not involve electrons at all. It could be all-chemical, where electrode A is replaced with a fully permeable membrane ͑such as a porous film͒ and B is the charge selective membrane exchanger. Given this arrangement, the probe ion does not have to be the reduced and oxidized form of a redox system. A mixture of salt and any multiply charged species would allow reversible transport across interfaces. The current would be the flux of multiply charged species through the membrane. Such an arrangement is easily realized in a synthetic system and is even plausible in natural systems. Response of i sat to salt gate concentration. The response is nonlinear when NaCl ͑triangles͒ is used as the salt because each chloride ion which dopes the multilayer produces only one polymer site, whereas a cluster of three such sites is required by the Fe(CN) 6 3Ϫ ion. The probability of finding three individual, randomly distributed sites clustered together increases as the third power of the doping level. When the salt ion is Co(CN) 6 3Ϫ ͑squares, redox inactive͒ each salt dopant produces the three clustered sites required for ferricyanide hopping. This transient templating of sites is more efficient than for chloride, yielding higher currents and a linear dependence of current on doping level. Response is reversible, but the switching time is slow ͑ca. 8sforonand5s for off͒.
